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From a sample of 3308 e+e - ~ r+r - events with an estimated background of 1.9%, we find 964 z ~ euu, 903 
r ---,/tut~, and 309 r ~ n (K)u candidates. Efficiency and background estimates determined from both Monte Carlo and 
control sample studies yield the following branching ratios: B(z ~ euu ) = 17.4+0.5 (star) +0.4 (sys)%, B(r ~ lluu) 
= 16.8 + 0.5 4- 0.4%, and B(z ~ n(K)u)  = 12.1 + 0.7 + 0.5%. These values are in good agreement with previous 
measurements. The measured lepton branching ratios, when combined with the world-average measured value for the 
r lifetime, yield a ratio of the r Fermi coupling constant to that of the lighter leptons given by G~/Ge,u = 0.92 4- 0.04, 
where it is assumed Ge = G u -=- Ge,~. The average r polarization at the Z ° resonance is measured to be -0.01 4- 0.09 
from an analysis of the momentum spectra of the electron, muon, and pion candidates, implying that the ratio of vector 
to axial vector couplings of the r to the Z ° is vr/aT = 0.01 4- 0.04. The measurements of the average polarizations 
in the forward and backward hemispheres lead to the efficiency-corrected, forward-backward polarization asymmetry 
ApVo F] = -0.22 4- 0.10, implying for the electron couplings to the Z ° the ratio ve/ae = 0.15 + 0.07. Since these values 
for the tau and electron couplings are consistent with one another, we assume lepton universality to derive 'via = 
0.05 + 0.04 and a value for the weak mixing angle of sin e Ow = 0.237 ± 0.009, with no ambiguity introduced by the 
relative signs of 'v and a. 
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I. Introduction 
The ample production of r pairs in e+e - annihila- 
tion at the Z ° resonance provides a useful laboratory 
for studying both the decay properties of the r par- 
ticle and the electroweak couplings of the r to the 
Z ° boson. Measurements of the branching ratios for 
r ~ eu~, r -~ /zutT, and r ~ ~(K)u  decays from a 
nearly pure sample o f t  pair events are presented here. 
In addition, analyses of the momentum spectra of the 
decay particles provide measurements of the average 
r polarization and of the forward-backward  polar- 
ization asymmetry on the resonance. From these mea- 
surements relations are derived for the electroweak 
couplings of both the tau and the electron to the Z °. 
Two long-standing discrepancies add interest to 
the measurements of the branching ratios into the 
e, ¢t, and ~r channels. The first discrepancy is be- 
tween the world-average measured r ~ euu and 
r ~ #uu branching ratios and those expected from 
the world-average measured lifetime of the r [1,2], 
an expectation based on the measured # lifetime, as- 
suming lepton universality in charged-current cou- 
plings. This discrepancy can be expressed in terms 
of the ratio of the apparent Fermi coupling constant 
of the z to that (assumed identical) of the lighter 
leptons e and /t: G3/Ge,u = 0.95+0.03. The second 
discrepancy, which has a greater statistical signifi- 
cance, is the difference between the measured inclu- 
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sive r --*one-prong branching ratio (86.1 +0.3%) and 
the sum of the measured exclusive one-prong branch- 
ing ratios (<80.2:t: 1.4%, using theoretical constraints 
to limit poorly measured channels) [1-3] nl .  Both of 
the branching ratio discrepancies provide impetus for 
new measurements of exclusive r decays. 
Studies of the decay products of r pairs produced 
on the Z ° resonance also allow one to extract he cou- 
plings of the r to the Z ° [5-11 ]. An imbalance in the 
production of left-handed and right-handed r -  parti- 
cles leads, through parity violation in the r decay, to 
a measurable distortion of the momentum spectra of 
the decay products. At the peak of the Z ° resonance, 
the average polarization of the r -  is expected to be: 
2 (v~/a3) - 23, 
(P~) ~ 1 + (vr/a~) 2 
where v3 and a3 are the vector and axial vector cou- 
pling constants of the r to the Z °. Exact formulae for 
the polarization, including dependence on ECM and r 
direction, can be found in ref. [ 11 ]. In the improved 
Born approximation [ 12 ] of the standard model, the 
ratio of the coupling constants can be expressed as 
v, /a3 = (1 - 4sin2Ow), where Ow is the effective 
electroweak mixing angle on the Z ° resonance. Mea- 
surement of the r polarization reveals directly the rel- 
ative sign of the leptonic vector and axial vector cou- 
pling constants, resolving the ambiguity present in, 
for example, measurements of the forward-backward 
charge asymmetry of leptons [ 13 ]. 
The degree of polarization depends trongly upon 
cos 0 where 0 is the polar angle of the r e direction 
with respect o the e ± beam direction. At the peak of 
the Z ° resonance, 
(1 +cos  20)A3 +2cos0Ae 
P, (cos0)  
1 + cos 2 0 + 2 cos 02eA~ 
2 cos 0 0 2 0 
- 23 4- 1 4- cos 2 
where J-e is defined similarly as to 23. Taking the 
forward-backward polarization asymmetry, as de- 
fined in ref. [11], over a symmetric range in cos 0 
[ - c ,  c ] yields 
*q A recent measurement by the CELLO collaboration 
finds a significantly lower value of B(z ~one-prong) 
than those of most previous measurements [4]. 
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Va 3C 
Apol(C) ~ -3~-- -~2e,  
which depends only on the electron coupling con- 
stants. If lepton universality is imposed (2¢ = 2e - 
2), the average polarizations (P¢)F,B in the forward 
and backward hemispheres in the ranges [0, c] and 
[ -c ,  0] in cos0 can be expressed as 
3¢ "~, 
(Pr)F ,-~ -2 (1  + 3 + c 2 ] 
3c 
(P r )B~- -2 ( l  3~C2 ). (1) 
For a sample of r pairs of polarization P - (P~) 
the momentum spectra of the lepton and pion decay 
products for both the r + and z-  should have the fol- 
lowing distributions [ 5 ] : 
(1/N~ ) (dN, /dx~ ) 
½[(5-9x  2 +4x  3) +P(1 -9x  2+8x3)1 ,  (2) 
(1 /N~)(dN=/dx=)  ~ 1 + P(2x= - 1), (3) 
where x~ and x~ are the momenta of the leptons 
and pion normalized to the beam energy Ebeam and 
where radiative corrections (discussed in section 5) 
and threshold effects (negligible) have been ignored. 
It is assumed in extracting branching ratios and po- 
larization values that the charged-current coupling of 
the r is pure V-A, an assumption consistent with ex- 
perimental observation [ 1,14]. 
In this measurement, the couplings of the z to the 
Z ° are derived from the average polarizations for the 
three decay channels in both the forward and back- 
ward hemispheres, while the couplings of the electron 
to the Z ° are derived from the asymmetries between 
polarizations measured separately in the forward and 
backward hemispheres. In addition, by constraining 
the couplings derived from the different hemisphere 
polarizations to be consistent with lepton universal- 
ity, we obtain universal epton couplings to the Z ° 
and a value for sin 20w. 
2. The OPAL detector 
The OPAL detector consists of 14 subdetectors 
as described below, several of which are required 
for reliable identification of r pair events and of 
22 August 1991 
different r decay channels. This measurement uses 
the 1990 data sample where the subdetectors neces- 
sary to the identification were fully operational. The 
sample corresponds to an integrated luminosity of 
5.8 pb - j ,  recorded at center-of-mass energies (EcM) 
between 88.28 and 94.28 GeV, with about half the 
data recorded at the peak of the Z ° resonance. 
OPAL is a general-purpose, 4~ detector with ap- 
proximate cylindrical symmetry about the e + e- beam 
axis [15]. The coordinate system is defined with 
+z  along the e- beam direction, where 0 and 
are the polar and azimuthal angles, respectively. The 
central tracking chambers measure the momenta of 
charged particles over almost the entire solid angle 
in a uniform magnetic field of 0.435 T created by 
a solenoidal coil. The innermost racking chamber 
is a precision vertex chamber. This is surrounded 
by a large-volume j t drift chamber divided into 24 
azimuthal sectors, each with a radial plane of 159 
axial anode sense wires, where charge deposited on 
each wire provides a measurement of the energy loss 
dE /dx  of charged particles in the chamber. In the bar- 
rel region, the jet chamber is surrounded by a cylindri- 
cal array of 192 planar drift chambers which measure 
the z-coordinates of charged particles as they leave 
the jet chamber. 
Together, the magnetic oil and pressure vessel of 
the central tracking chambers have an effective thick- 
ness of about 2Xo/sinO in the region Icos0l < 0.7 
(where X0 is one radiation length) and are sur- 
rounded in the range ]cos01 < 0.82 by a bar- 
rel time-of-flight(TOF) counter array consisting of 
160 scintillator bars with photomultiplier readout at 
both ends and, outside the TOF, by an electromag- 
netic calorimeter (ECAL) with a presampler. The 
calorimeter covers the region ]cos 0l < 0.98 and is di- 
vided into a barrel part (1 cos0l < 0.82) and two end- 
caps. Critical to this measurement is the barrel part 
which consists of 9440 lead-glass blocks of 24.6 radi- 
ation lengths, pointing toward the beam interaction 
region, each with a cross section of 10× 10 cm 2. In the 
endcap there are 2264 lead-glass blocks of the same 
cross section but with axes parallel to the beam di- 
rection. The barrel presampler, which measures elec- 
tromagnetic showers originating in the magnetic oil, 
consists of two layers of axial, limited-streamer tubes 
at a 1 cm pitch, with both wire and cathode-strip 
readout. The instrumented magnet return yoke serves 
204 
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as a hadron calorimeter (HCAL) and muon tracker, 
consisting of 9 layers of axial, limited-streamer tubes 
sandwiching 10 cm layers of iron, with inductive read- 
out of the tubes onto large pads and onto 4 mm 
wide aluminum strips. The detector is surrounded by 
four layers of (MUON) drift chambers for the detec- 
tion of muons emerging from the hadron calorime- 
ter. The hadron calorimetry in the endcaps is simi- 
lar to that in the barrel, and four layers of limited- 
streamer tubes mounted in vertical walls transverse 
to the beam provide the primary muon identification 
in this region. The integrated luminosity is measured 
using low-angle Bhabha scattering with two forward 
detector calorimeters in the region 40 < 0 < 120 
mrad. 
For this measurement the momentum resolution 
of the tracking detectors is Ap/p .~ 9% for p± ~ 45 
GeV, determined from e+e - --*/~+/~- events. In the 
barrel electromagnetic calorimeter the energy resolu- 
tion is AE/E ,.~ 3% for E ..~ 45 GeV, determined 
from e+e - ~ e+e - events. For Monte Carlo studies 
the OPAL detector esponse is simulated by a pro- 
gram [ 16 ] that treats in detail the detector geometry 
and material, as well as effects of detector esolution 
and efficiencies. 
3.  Se lec t ion  o f  e+e - ~ z+T - events  
In general, z pair events are characterized by two 
nearly back-to-back "jets" of 1 or more charged par- 
ticles, often with accompanying neutral hadrons or 
photons. Each jet loses energy to one or more unde- 
tected neutrinos, leading to a non-zero total momen- 
tum transverse to the beam direction and resulting in 
a total reconstructed nergy less than ECM. 
In the vicinity of the Z ° resonance, r pair events 
are easier to distinguish from backgrounds than is 
the case at lower center of mass energies. There are 
four main backgrounds to consider. The first two are 
e+e - ---, e+e - and e+e - ~ /t+~t - events, which 
can be identified by the presence of two very high- 
momenta, back-to-back charged particles with the 
full ECM deposited in the electromagnetic calorime- 
ter for e+e - ~ e+e - and with very little ECAL en- 
ergy for e+e - --+/z+/~ -. To distinguish r pair events 
from these backgrounds, a detector must possess good 
charged-particle tracking, muon particle identifica- 
tion, and electromagnetic calorimetry. Hermeticity 
of the calorimeter ensures correct identification of 
e+e - ---, e+e-7 and e+e - ~/z/~y events which have 
been a troublesome background for some previous 
experiments. A third background to e+e - ~ r+z - 
events comes from multihadron production; this is 
reduced at LEP energies by the tendency for parti- 
cle multiplicity to rise with ECM, while for r decays, 
the multiplicity is constant with ECM. A fourth back- 
ground comes from two-photon processes e+e - 
(e+e - )X where the final-state lectron and positron 
escape undetected at low angles and the system X is 
misidentified as a low-visible-energy r pair event. At 
LEP the relative size of this background is reduced 
compared to lower-energy experiments for two rea- 
sons. One is that e+e - --* (e+e- )X  lacks the Z ° 
resonance which enhances e+e - ~ r+r - produc- 
tion. The other is that low-mass meson resonances, 
which contribute much to the hadronic component 
of X, have an energy distribution early indepen- 
dent of ECM for a given requirement on colinearity 
of the X decay products, while the total energy of r 
decay products rises linearly with ECM. The dominant 
components of the higher-energy X systems are from 
e+e - ~ e+e-e+e - and e+e - ~ e+e-/t+/~ - events, 
which are characterized in general by two charged par- 
ticles with nearly equal but opposite momenta trans- 
verse to the beam. Less important backgrounds aris- 
ing from cosmic rays and single-beam interactions can 
be suppressed with straightforward equirements on 
TOF, on the location of the primary event vertex, and 
on event opology. The consequence of the naturally 
reduced backgrounds to e+e - --* ~+z- at LEP is that 
high purity can be attained without sacrificing selec- 
tion efficiency, and that selection requirements hat 
strongly bias for or against certain z decay modes are 
unnecessary. This substantially reduces the systematic 
uncertainties in branching ratio measurements due to 
the event selection. 
In selecting r pair events and identifying r decay 
channels, only good charged tracks and electromag- 
netic clusters are considered. A good charged track 
must have a minimum momentum transverse to the 
beam of 100 MeV, a measured Idol < 2 cm, and a 
measured Iz01 < 75 cm, where Id01 is the distance of 
closest approach of the track to the beam axis, and 
Iz01 is the displacement along the beam axis from the 
nominal interaction point at the point of closest ap- 
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proach to the beam. The track must also have at least 
20 measured space points in the main jet chamber, 
and at least one point within 75 cm of the beam axis. 
In the barrel, a good ECAL cluster, which is a group of 
contiguous lead-glass blocks, must have a minimum 
energy of 100 MeV; in the endcap, the minimum en- 
ergy is 200 MeV, and the shower cluster must contain 
at least two lead-glass blocks, no one of which may 
contribute more than 99% to the cluster's energy. The 
ECAL cluster energies used in r ~ euu selection are 
corrected for toe expected energy loss of electrons in 
the coil preceding the calorimeter. 
The multihadron background is removed by requir- 
ing the number of good charged tracks be in the range 
2 to 6 and that the number of good ECAL clusters be 
no greater than 10. Cosmic ray backgrounds are re- 
moved by requiring that there be at least one good 
charged track with a measured ]do] < 0.5 cm and a 
measured ]z0{ < 20 cm, and requiring that the magni- 
tude of the average z of all good tracks at their points 
of closest approach to the beam be less than 20 cm. In 
addition, there must be at least one TOF signal within 
10 ns of the nominal expected value. An event is re- 
jected if all pairs of TOF signals separated by more 
than 165 ° in azimuth have time differences greater 
than 10 ns. 
For this analysis, it is convenient to treat each tau 
decay as a jet, as defined in ref. [13], where charged 
tracks and ECAL clusters are assigned to cones of 
half-angle 35 °. Signals occurring in the presampler, 
HCAL or MUON subdetectors within the solid angle 
defined by a jet cone are also assigned to the jet. Only 
presampler signals associated to an ECAL shower are 
included. A r pair candidate must contain exactly two 
jets, each with at least one charged track and with a to- 
tal track and cluster energy exceeding 1% of the beam 
energy. To remove backgrounds due to two-photon 
processes and to remove events with extreme radi- 
ation, the acolinearity between the two charged jets 
must be less than 15 °, where the directions of the jets 
are given by the momentum sums of the tracks and 
clusters. To avoid regions of non-uniform calorime- 
ter response where the separation of different r decay 
modes is significantly degraded, a fiducial require- 
ment is imposed on the directions of the r jets. The 
average value of I cos 01 for the two charged jets must 
satisfy ]cos0] < 0.68. This requirement incurs a loss 
in acceptance of 41%. 
Rejection of the e+e - -* e+e - background e- 
pends on the total ECAL cluster energy and total track 
energy. A ~ pair candidate must satisfy: 
Z E~ j~st ~< 0.8EcM 
i 
o r  
Z E~'us. + 0.3 Z ~-t~ck j  ~ ECM,  
i j 
where the summations run over all good clusters and 
tracks in the event. These requirements ake advan- 
tage of the high track and shower energies associ- 
ated with e+e - --~ e+e - events, relying mainly on 
the shower energy measurement which has the better 
resolution at high energies. 
Rejection ofe+e - ~/x+/2 - events depends mainly 
on the muon identification provided by the ECAL, 
HCAL, and MUON detectors and on the high mo- 
menta measured for the charged tracks. An event is 
rejected if it contains at least two muon candidates, 
and the scalar sum of the charged track momenta 
plus the energy of the most energetic ECAL cluster is 
greater than 0.60EcM. A muon candidate must have 
a momentum greater than 6 GeV, and must satisfy 
at least one of the following 3 requirements: (1) >/2 
associated signals in the four outer MUON chambers 
(barrel or endcap); (2) >/4 associated signals in the 
hadron calorimeter, with ~> 1 in the outer 3 layers; or 
(3) momentum greater than 15 GeV and associated 
ECAL energy less than 3 GeV. 
Rejection of residual two-photon backgrounds ex- 
ploits the low visible energies and very low net trans- 
verse momenta typical of e+e - ~ (e+e - )X events. 
An event is rejected if the sum of visible energies of 
the jets (taken for each jet as the maximum of the 
sum of the assigned charged track and ECAL cluster 
energies) is less than 3% of ECM. Further, if the total 
visible energy is less than 20% of ECM, the event is re- 
jected if the missing transverse momenta, calculated 
separately for charged tracks and for ECAL clusters, 
are both less than 2 GeV. 
These requirements select a final sample of 3308 
r pair candidates in the barrel region of the OPAL 
detector. From Monte Carlo studies [17] the se- 
lection efficiency is estimated to be 54.7=t:0.7°, in 
good agreement with the number of events observed, 
given the distribution of integrated luminosity with 
ECM and standard model expectations for a (e + e-  --~ 
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Table 1 
Estimated background contaminations i  the 3308 r pair 
candidate vents. 
Background Contamination (%) 
e+e - ~ e+e - 0.2+0.2 
e+e - -~/~+/z- 0.8+0.9 
e+e - ~ qq 0.7±0.3 
e+e - ~ (e+e - )X  0.2+0.2 
total 1.9+ 1.0 
r + r -  ). Although the overall event selection efficiency 
does not affect the branching ratios measured here, it 
is necessary to understand any biases that enhance or 
suppress decay modes of interest. Monte Carlo stud- 
ies indicate that the above selection requirements lead 
to enhancements of 1.006+0.006, 0.980±0.006, and 
0.978±0.008 for z ~ eut~, r ~/~uLT, and r ~ n(K)u  
channels, respectively. Residual backgrounds have 
been estimated from Monte Carlo studies of e + e- 
e+e - [18],e+e - ---/~+/l- [17],e+e - ~ qq [19,20], 
and e+e - --- e+e-X [21 ] events, as shown in table 1. 
The total background is found to be 1.9± 1.0%. 
4. Branch ing  rat io measurements  
Measurements of the branching ratios for r ~ evil, 
z ~ l tuu ,  and ~ ---, n (K)u  are based on counting the 
number of candidate jets in the r pair sample and 
correcting for efficiency, backgrounds, and event se- 
lection bias. For the r ~ eu# and r ~ t~uu chan- 
nels the Monte Carlo identification efficiencies can 
be checked irectly with independent, high-statistics, 
control samples of isolated electrons and muons from 
e+e - ~ e+e -,  e+e - ~ (e)eT, e+e - ~ p+#- ,  and 
e+e - ~ e+e-/~+~ - events in the data. For the r --- 
n (K)u  channel, no such high-statistics ontrol sam- 
ple can be obtained from the data, but a variety of 
indirect cross-checks allow estimation of uncertain- 
ties due to inaccuracies in Monte Carlo simulation. 
4.1. Se lect ion o f t  ~ euF  cand idates  
r ~ euu  candidates must satisfy the following re- 
quirements: 
- The number Nchrg of good charged tracks assigned 
to the candidate j t must satisfy: 
Nchrg ~< 2, 
where up to one extra track is allowed for r ~ eu~ 
decays in order to reduce inefficiency due to conver- 
sions from radiation emitted by the electron. When 
there are two tracks assigned to a jet, the higher mo- 
mentum track is taken as the electron candidate. 
- The energy Ecls of the cluster associated to the 
electron candidate and the candidate's reconstructed 
track momentum Ptrk must satisfy: 
0.7 < Ecls/Ptrk < 2.0. 
- TO reject hadronic z decays accompanied by n ° 
77, it is required that the total cluster energy assigned 
to the jet (excluding the cluster associated to the elec- 
tron candidate track) satisfy: 
Eexcess < 0.04Ebeam, 
which corresponds to a maximum excess energy 
of about 2 GeV. This requirement also suppresses 
e+e - --+ r+r -7  events. 
- Further rejection of hadronic backgrounds with 
n°'s present comes from requiring that the difference 
in azimuth 6~bmax between the track and the presam- 
pier signal fa r thest  away in azimuth but still assigned 
to the jet satisfy: 
~q~max < 5 °. 
- Backgrounds from r ~/ tv~ and r ~ n(K)v  are 
suppressed by requiring that the number of HCAL 
layers containing a signal that are assigned to the cone 
satisfy: 
HC 
Nlayer s ~ 1. 
- The shape of the ECAL cluster associated to the 
track must be consistent with that expected from an 
electron. The minimum number of lead-glass blocks 
containing at least 90% of the cluster energy must 
satisfy: 
Nggt° ~< 3. 
- To remove a small residual contamination from 
e+e - --* e+e - events where the energy of one elec- 
tron is mismeasured, anelectron candidate is rejected 
if the opposite jet consists of a single charged particle 
of momentum greater than 0.75fbeam and the acopla- 
narity between the electron candidate track and the 
opposite track is less than 0.1 °. The acoplanarity is de- 
fined as the acolinearity of the track directions in the 
plane transverse to the beam. The resolution on the 
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acoplanarity is better than 0.03 ° for h igh-momentum 
tracks. 
- Finally, in order to ensure reliable electron iden- 
t if ication with low background and well understood 
efficiency, the electron's hower energy must satisfy: 
Eels xe - > 0.05, 
Ebearn 
where Eels is the total ECAL energy in the jet cone. 
After all requirements,  964 r ~ euu candidates are 
selected from the 6616 r jets within the acceptance. 
Fig. la shows the distr ibutions in Eds/Ptrk for data and 
Monte Carlo expectation after all selection require- 
ments except the requirement on EdJPtrk. Fig. 2a 
shows the measured distr ibution in x~, along with 
the expectation from Monte Carlo, including back- 
ground. The vertical dashed line indicates the cut at 
Xe = 0 .05 .  
The r -~ eut) selection efficiency, which is ob- 
tained from Monte Carlo study, is corrected bin-by- 
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Fig. 1. Distributions in ecls/Ptrk for (a) r ---, eu/, candidates 
and (b) r --* g(K)u candidates after all other selection 
requirements except the ecls/Ptrk requirements have been 
imposed. In each figure the data are indicated by the points 
with error bars, the expected signal from Monte Carlo by the 
open histogram, and the expected background from Monte 
Carlo by the shaded histogram. Monte Carlo predictions are 
normalized to the world-average values for B (r --~ era)) and 
B(T ~ 7r(K)u). The arrows indicate the cut values. 
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Fig. 2. Distributions in measured momenta divided by 
Ebeam for (a)  T ~ e l 'u ,  (b) r ~ puu, and (c) z ~ n(K)u 
candidates before the momentum requirement x > 0.05 is 
imposed. The electron momentum is determined from the 
total ECAL energy in its jet, the muon momentum from 
the measured momentum of the track plus the energy of 
associated ECAL energy, and the pion momentum from 
the measured track momentum alone. In each figure the 
data are indicated by the points with error bars, the ex- 
pected signal from Monte Carlo by the open histogram, and 
the expected background from Monte Carlo by the shaded 
histogram. Monte Carlo predictions are normalized to the 
world-average values for B( :  -~ euu), B(T ~ #uu),  and 
B(T ~ n(K)u),  where an average r polarization of -15% 
was used in event generation. (The small contribution from 
non-T backgrounds i not shown.) The vertical dashed line 
indicates the minimum momentum of accepted candidates. 
bin in momentum with factors der ived from control 
samples of  electrons at low Xe in e+e - ~ (e)e7 
events and electrons at xe ~ 1 in e+e - ~ e+e -
events. For the branching ratio measurement,  hese 
give an integrated correction of  0.969+0.016 to the 
total z ~ eu~ selection efficiency estimate, yield- 
ing a final corrected efficiency of  79.9+1.3% for r 
pairs within the acceptance. Most of  the correction 
accounts for inaccuracies in Monte Carlo s imulat ion 
of  ECAL shower shapes for low-xe electrons. The final 
corrected efficiency is shown plotted as a function of  
Xe in fig. 3a, where radiat ive/EcM effects and event 
selection bias are included, as described in section 5. 
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Fig. 3. Estimated efficiencies for selection of (a) r ~ euu, 
(b) z --* pug, and (c) r ~ n(K)u candidates plotted as 
a function of true momenta divided by Ebeam.  The vertical 
dashed line indicates the minimum omentum ofaccepted 
candidates. The efficiencies include radiative/EcM effects 
and event selection biases. The low efficiency of the first 
bin for the r ~ euu selection is due to a loss of candidates 
to the region Xe < 0.05 which are not recovered in the 
unfolding procedure. 
A cross-check of the efficiency estimate comes from 
the dE/dx  distribution for low-momentum tracks 
(0.05 < xe < 0 . I0) fa i l ing  the r ~ euu selection 
requirements. Good electron/hadron discrimination 
provided by the dE/dx  measurements reveals a loss 
of 4.3+0.7% in the data relative to the identified can- 
didates, in good agreement with the loss of 4.8 + 0.2% 
expected from Monte Carlo simulation. Estimated 
backgrounds from Monte Carlo studies are shown in 
table 2 with a total of 5.7i l .3%, coming largely from 
hadronic decays of the T. The uncertainty on the back- 
ground estimate is found primarily from comparisons 
of Ec~s/Pt~k distributions in the data and Monte Carlo 
nc after inverting the selection requirements on Nlayers, 
E ....... and 64> . . . .  
4.2. Selection o f t  ~ ltU~, candidates 
r ~ /tuu candidates must satisfy the following re- 
quirements: 
Table 2 
Estimated backgrounds in 964 r ~ euu candidates satisfy- 
ing all selection requirements. The error estimates on the 
background estimates for other r decays are partially cor- 
related. 
Background Contamination (%) 
z ~ nu 2. l i0.4 
r ~ pu 2.4:t:0.7 
r ~ other 0.35:0.1 
e+e - ~ e+e - 0.3+0.3 
e+e - ~ (e+e-)X 0.6i0.6 
total 5.75:1.3 
- The number Nchrg of good charged tracks assigned 
to the candidate j t must satisfy: 
Nchrg = 1. 
- Most r ~ ,uuv decays within the acceptance 
are characterized by a small energy deposition in 
the ECAL and associated signals in the HCAL and 
MUON subdetectors consistent with the passage of a 
minimum-ionizing particle. In order to accept muons 
that enter inactive regions of the HCAL or MUON or 
that are accompanied by radiation, however, it is re- 
quired only that a T ~ /tu~ candidate satisfy at least 
two of the following three requirements: 
(i) Identification by the outer four MUON chamber 
layers [MUID]: 
MU N~ayer~ >/ 2, 
where Nl~r S is the total number of layers with signals 
associated to the track in the barrel or endcap MUON 
detector. 
(ii)Identification by the hadron calorimeter [HCID]: 
Nlan~Crs /> 4 and NHtC/layer < 3, 
HC • where Nlayer  s IS the number of HCAL layers containing 
signals associated to the track and where NHtCs/layer is
the total number of HCAL signals assigned to the jet 
divided by NiHCrs. 
(iii)[dentification by the electromagnetic calorimeter 
[ECID]: 
Eds < 2 GeV. 
- Any associated signals in the HCAL must be con- 
sistent with the passage of a minimum-ionizing par- 
ticle, even when the HCID condition is not satisfied. 
A T ~ ~tuu candidate is rejected if 
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Nh~tCs/layer >/ 3 and NlanyCers >~ 3. 
- Some residual background from hadronic decays 
accompanied by n ° production is suppressed by re- 
quiring 
Mtrk . . . .  I < 0.3 GeV, 
where  Mtrk-ecal  is the invariant mass of the charged 
track (assuming a n ± hypothesis) and all ECAL clus- 
ters in the jet (assuming a 7 hypothesis). In the cal- 
culation, 0.5 GeV is subtracted from the energy and 
momentum of the ECAL cluster nearest he charged 
track, to account for the energy deposition expected 
from a minimum-ionizing particle. This invariant 
mass measures not only the angular spread of mul- 
tiple clusters within a jet but also the angular differ- 
ence between the track direction and the centroid of 
its associated ECAL cluster. 
- In order to suppress residual e+e - ~ #+It -  con- 
tamination, a r ~ Izuu candidate is rejected if the 
opposite jet consists of exactly one charged track, con- 
sistent with being a muon, that satisfies 
Ptrk +Ecis - 0.5 GeV >/ 0.8Ebeam, 
where 0.5 GeV is the average ECAL energy deposition 
of a minimum ionizing particle. A track is considered 
consistent with being a muon if it satisfies any one of 
the following three criteria: 
(i) Identification according to MUID defined above. 
(ii) Identification according to HCID defined above. 
(iii passage through a geometric region where neither 
the hadron calorimeter nor the outer MUON cham- 
bers are fully active. 
- Contamination (~0.5%) of the r pair sample 
arises from e+e - ~/z+/z - events where one or both 
muons travel near an anode wire plane in the jet 
chamber where there is some degradation of recon- 
structed momentum resolution, causing a small frac- 
tion of the e+e - ---*/x+/z - events to fail the 0.6EcM 
energy threshold requirement necessary for correct 
identification. Although unimportant to the r --* euu 
and r --+ n(K)u  analyses, the contamination, which 
is not modelled well by the Monte Carlo, would intro- 
duce a large uncertainty in the background fraction of 
r ~ l tuu events. To avoid this uncertainty, r ~/tut~ 
candidates must satisfy: 
I~trk -- qSanodel > 0-3 °, 
where q~trk is the azimuth direction of the charged 
track at its closest approach to the beam, and ~banoae is 
the azimuth of the nearest anode plane of the central 
jet chamber. 
- Finally, in order to ensure reliable muon iden- 
tification with low background and well understood 
efficiency, the muon candidates must satisfy: 
Ptrk + Eds - 0.5 GeV 
> 0.05, 
Xl~ Z Ebeam 
where Eds is added to the track momentum in defin- 
ing x~ to reduce sensitivity to radiative ffects in the 
extraction of r polarization. 
After all requirements, 903 r ~ lzu~ candidates are 
selected from the 6616 T jets within the acceptance. 
Fig. 4 shows distributions in Hc MU Slayer s and for data Slayers 
and Monte Carlo expectation, both before and after 
the requirements of HCID or MUID are imposed. 
E 1 
o_ 
~__ 0.75 
i , i  
0.5 
>., 0 .25 
o 
c 1 
~_ 0.75 
Ld 
0.5 
>,, 0 .25 
0 
E 0.6 
ro 
~_. 0.4 
I_d 
i÷ ; 
0.2 
0 
0 
P i i 
, , * __+ + ÷ - -k - -  _ 
/ 
o) e 
I I I 
+ ÷ , + ~_-  i) 
B 
/.z, 
I I I 
c) g 
,) 
I I I 
0.2 0.4 0.6 0.8 
XTI~kI£ 
Fig. 4. Distributions in N nc and N MU (a),(b) before layers layers 
and (c),(d) after the HCID and MUID requirements are 
imposed on the r -~ #uu candidates. Tracks appearing in 
(a) satisfy ECID or MUID requirements and the require- 
ment Nh~C/layer < 3. Tracks appearing in (b) satisfy ECID or 
HCID requirements. In each figure the data are indicated by 
the points with error bars, the expected signal from Monte 
Carlo by the open histogram, and the expected background 
from Monte Carlo by the shaded histogram. Monte Carlo 
predictions are normalized to the world-average value for 
B (r -~ Ixuu). The arrows indicate the cut values. 
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The excess of Monte Carlo tracks with N~anc~ = 0 
in figs. 4a, c has a negligible ffect on the r ---* l tuu  
selection efficiency, and its effect on the background 
estimate is included in the uncertainty estimated be- 
low. Fig. 2b shows the measured istribution in xu, 
along with the expectation from Monte Carlo, includ- 
ing background. 
The z ~ t~uu selection efficiency for all require- 
ments is estimated to be 82.2+ 1.7% for r pairs within 
the acceptance, where the Monte Carlo efficiency es- 
timates, which are nearly independent of xu, have 
been checked using control samples from the data. 
The control samples consist of muons at low x u from 
e+e - -~ e+e- / t+/t  - events and muonsatx  u ~ 1 from 
e+e - ~ p+/~- events. The dominant errors on the to- 
tal efficiency estimate arise from uncertainties in the 
effects of the fiducial requirements on cos 0 (1.3%) 
and on the azimuthal distance from the jet-chamber 
anode wire planes (1.1%). The efficiency as a func- 
tion ofxu is shown in fig. 3b, where radiative/EcM ef- 
fects and event selection bias are included. The event 
selection bias introduces a slight momentum depen- 
dence in the efficiency because of the e+e - ~ p+/~- 
rejection requirements. Estimated backgrounds from 
Monte Carlo studies are shown in table 3 with a to- 
tal of 3.0+0.6%, coming largely from ~ --. gu decays. 
The estimated uncertainty on the background isfound 
from comparison of the distributions of N 9° and Ed~ 
in the data and Monte Carlo for final r ~ purl can- 
didates and from study of the nc Hc ]Vlayer s and N~ils/layer dis- 
tributions for z decays with an enhanced hadronic 
contribution. 
Table 3 
Estimated backgrounds in 903 r ~ pvv  candidates satisfy- 
ing all selection requirements. 
Background Contamination (%) 
r ---, ztu 2 .3±0.5  
z ~ Ku 0 .2+0.2  
z ~ pu  0.1+0.1 
--~ other  0.1 +0.1 
e+e - ~ #+/ t -  0 .1+0.1 
e+e - ~ e+e- / t+p - 0.3-4-0.3 
tota l  3 .0+0.6  
4.3. Se lec t ion  o f  z ~ z~(K)u  cand idates  
Separating r ~ g (K)u from other r decays is more 
difficult than for r ~ eu~ and z ~/ tu~.  Pions leave 
various signatures, depending on whether they inter- 
act hadronically in the magnetic oil, in the lead glass 
or in the hadron calorimeter. Those interacting in the 
coil give rise to measured ECAL energies with much 
larger fluctuations than seen for r ~ euu.  Further- 
more, it is difficult to remove all of the potentially 
large r ~/~u# background by imposing requirements 
on HCAL and outer MUON chamber signals without 
creating a bias against pions that interact deep in the 
hadron calorimeter. A consequence of these difficul- 
ties is a greatly reduced efficiency for z ~ ~(K)u  
selection in order to avoid large systematic errors on 
the efficiency and background estimates. 
~ g (K)u candidates must satisfy the following re- 
quirements: 
- The number Nchrg of good charged tracks assigned 
to the jet cone must satisfy: 
Nchrg - 1. 
- TO reject T ~ euu and other backgrounds with 
large associated ECAL energy, the energy Eds of  the 
cluster associated to the pion candidate and the can- 
didate's reconstructed track momentum Ptrk must sat- 
isfy: 
Eds /P t rk  < 0.8.  
- To reject hadronic decays accompanied by n ° -~ 
~y, it is required that the total cluster energy in the 
jet (excluding the cluster associated to the pion can- 
didate tracks) satisfy: 
Ee . . . . .  < 0.02Ebeam. 
and that the difference in azimuth between the track 
and the presampler cluster farthest away (as defined 
in the z ~ euu selection) satisfy: 
~q)max < 0 .5  °. 
This is a more severe requirement than that used in 
identifying z -~ eu~. It results in a loss of  33% in 
z ~ n (K)u selection efficiency. 
- Removing the background from z ~/~uu depends 
critically upon the HCAL and the MUON chambers, 
which both have some geometric gaps in acceptance. 
Only r ~ g (K)u candidates in the region of full re- 
sponse of the outer MUON chambers are accepted in 
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this measurement. If a r ~ n(K)v  candidate nters 
a region where HCAL is also fully active, then the 
candidate is rejected if 
NHC/MU 
layers /> 3 
or  
HC N HC/MU = 2 and N~its/layer < 3), layers 
where N HC/MU is the number of layers containing sig- layers 
nal out of a possible seven, consisting of the outer 
three HCAL layers and all four outer MUON cham- 
ber layers. I fa  ~ -~ n(K)v  candidate nters a region 
where HCAL is not fully active, then the candidate is
rejected if 
MU 
Mayer s >/ 2, 
MU • where Nlayer ~IS the number of associated outer MUON 
chamber layers with a signal. 
- Finally, in order to ensure good understanding of 
the pion selection efficiency and the backgrounds, the 
pion candidate's track momentum ust satisfy: 
Xn ~- Ptrk/Ebeam > 0.05.  
After all requirements, 309 r ~ n(K)v  candi- 
dates are selected from the 6616 v jets within the ac- 
ceptance. Fig. lb shows the distributions in Ecls/Ptrk 
for data and for Monte Carlo expectation after all 
selection requirements except the requirement on 
Ecls/Ptrk. Inaccuracies in Monte Carlo simulation of 
high-energy n interactions in the lead-glass calorime- 
ter lead to a relative shift between the data and Monte 
Carlo distributions in Eas/P,  rk. The loose requirement 
of E~ls/Ptrk < 0.8, however, minimizes the sensitiv- 
ity of the efficiency estimate to this discrepancy. In 
calculating the final branching ratio and polarization 
values, conservative systematic errors have been as- 
signed to the uncertainty due to this discrepancy. 
Fig. 2c shows the measured istribution in x~, along 
with the expectation from Monte Carlo, including 
background. 
The r --- n (K)v  selection efficiency is estimated 
from Monte Carlo simulation and plotted as a func- 
tion of x, in fig. 3c. The efficiency decreases with 
increasing x,, mainly because of the requirements 
on E~×c~s~ and 60max, with a less pronounced epen- 
dence due to the Eds/P,  rk requirement. The accuracy 
of the Monte Carlo simulation of these momentum 
dependences has been verified from comparisons of 
distributions in these variables for several ranges of 
x~. A somewhat more direct but statistically limited 
check of the efficiency loss due to the HCAL and 
MUON detector equirements and the dependence 
of that loss on momentum is obtained from control 
samples of hadronic r decays in the data that contain 
one or more n°'s. None of the efficiency checks re- 
veals a statistically significant disagreement between 
the data and Monte Carlo expectation. Therefore no 
correction is applied to the Monte Carlo efficiency 
estimates, but a conservative estimate of 3.4% is as- 
signed to the relative error on the efficiency, limited 
primarily by the low statistics of the comparisons. The 
uncertainty in the total efficiency is included in the 
final systematic error on B(r  ~ n(K)v ) ,  and the un- 
certainty on the momentum dependence is included 
in the final systematic error on the r polarization mea- 
sured from r --- n (K)v decays. The overall efficiency 
is estimated to be 37.7+1.3% for r pairs within the 
geometric acceptance. Estimated backgrounds from 
Monte Carlo studies are shown in table 4 with a total 
of 6.0± 1.6%, coming largely from other hadronic de- 
cays of the z. These background estimates have been 
cross-checked using the variable M, rk-ecal, defined in 
the r --- I tvv  selection. The effect on backgrounds 
from electrons and other hadrons of the strict require- 
ment on the presampler 6q~max has been checked with 
control samples of e+e - --- (e)ey and r ~ evv  de- 
cays (selected with tight requirements on Eds/Ptrk) 
and checked also by inverting the requirement on 
Eexcess. Estimates of background from r ~ #uv de- 
cay have been checked directly with control samples 
ofe+e - ~ e+e-gL+/t - and e+e - ~/~+I~- events. 
Table 4 
Estimated backgrounds in 309 r ~ n(K)v candidates sat- 
isfying all selection requirements. The error estimates on 
the background estimates for other r decays are partially 
correlated. 
Background Contamination (%) 
r -~ evv 0.85:0.2 
r -~ ltvv 0.4+0.3 
r ---, pv 3.0+1.0 
r ~ other 1.7-4-0.5 
total 6.0+ 1.6 
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Table 5 
Numbers of candidates, background fractions, total selection efficiencies, and event selection bias factors for the decay 
channels r ---, ev#, r ~ #v#, and r ~ n(K)v. Inefficiencies include the losses due to the momentum requirement x > 0.05. 
Decay Number of Background Selection Event selection 
channel candidates in channel(%) efficiency(%) bias factor 
z + ev~ 964 5.7+1.3 79.9+1.3 1.006+0.006 
z ~ I~vv 903 3.0+0.6 82.2+1.7 0.980+0.006 
r ~ zt (K)v 309 6.0+ 1.6 37.7+ 1.3 0.978+0.008 
4.4. Calculation o f  branching ratios 
Branching ratios for the three channels r ~ ev~, 
r ~ l tvv,  and z ~ rt(K)v are calculated from the 
foilowing expression: 
B(r  ~ xv)  - Ug~n-'dX" (1 - ibSen-x) 
Nce+e -~r+r (1-fb~g~ -r)  
and 
1 1 
x - -  - -  (4 )  ( r~xv  F r ~xv '  
bias 
where Nrand xv is the number of selected r ~ xv can- 
e+e _ ~r+r  didates, N~and = 6616 is the number of z jets 
within the acceptance, fb~kg~ -x is the estimated back- 
ground fraction in the r ~ xv sample from other 
r decay modes and from non-r sources, f~k~ -~ = 
1.9-4-1.0% is the estimated contamination of non-r 
events in the r pair sample, e ~- x~ is the estimated 
efficiency for selecting r ~ xv decays within the ac- 
ceptance, and F~a~ x, is the relative enhancement of 
z ~ xv decays in the z pair sample. Values ofN~nd x', 
non-x  ~z~xv,  z~ fbkgd ' and Fdias x, are shown in table 5 for 
the three decay channels. 
The measured branching ratio values are 
B(z  -~ eu~) = 17.4 + 0.5 + 0.4%, 
B(r--~/~u#) = 16.8±0.5:t:0.4%, 
B(z~n(K)u)  = 12.1 +0.7+0.5%,  
where the first error is statistical and the second sys- 
tematic. The estimated systematic errors are calcu- 
lated from the errors on the backgrounds, efficien- 
cies, and bias factors listed in table 5. As a cross- 
check, the variations of the final branching ratios have 
been studied as selection variable cut values are var- 
ied within a range given by the experimental resolu- 
tions on the variables. The observed variations agree 
well with the expectation from the above system- 
atic errors. Additional cross-checks of numbers of ob- 
served events with two identified ecays from among 
these three channels confirm the self-consistency of 
the measured branching ratios. It has also been con- 
firmed that the numbers of r jets identified as both an 
electron and a pion or as both a muon and a pion are 
small (< 1%) and in good agreement with expectation 
from Monte Carlo. 
These measured branching ratio values agree well 
with the world averages of 17.7+0.4%, 17.8+0.4, and 
11.7+0.5 compiled by the Particle Data Group [ 1 ]. 
From the ratio B(r  ---, l tvf,)  / B ( r  ~ evv), one 
derives from this measurement (after correcting for 
the reduced phase space of the r --, ~vv decay) the 
ratio of the electron and muon charged couplings: 
Gu/Ge = 0.99 + 0.06, consistent with unity. If these 
couplings are constrained to be identical, then the 
electron and muon branching ratios from this mea- 
surement can be used to derive G~/Ge,~, = 0.92+0.04, 
using the world-average values for the z and/ t  life- 
times and masses [1 ]. 
5. Measurement of z polarization 
The measurement of z polarization depends on fit- 
ting the momentum distributions of the decay prod- 
ucts in the three channels considered to the expec- 
tation for a given polarization. A number of correc- 
tions must be made to the observed spectra, however, 
before the fit can be performed. The corrections ac- 
count for backgrounds, efficiency, momentum reso- 
lution, radiative ffects, ECM dependence, and event 
selection bias. For each channel, the following formu- 
lation is used: 
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Ntcorr (~bias (-'rad/EcM 
1 ZA i jNmeas(  1 fjbkgd ), (5) X- -  
J 
where N~ °~ is the final unfolded, corrected number 
of candidates in true momentum bin i, Nj .m~a' is the 
number of candidates in observed momentum bin j ,  
e, is the estimated efficiency in true momentum bin i, 
fi bkgd is the estimated background in measured bin J, 
A~j is the unfolding matrix that transforms measured 
momenta into true momenta ,  C~ ad/ECM is the  correc- 
tion factor for radiative ffects and EcM dependence, 
and C, °i"s is the correction factor for event selection 
bias. 
The unfolding matrix A~9 has been calculated i- 
rectly from the bin-to-bin migrations observed in 
Monte Carlo r pair events with full detector simu- 
lation. The systematic errors due to uncertainties in
A~j are estimated to be about 3% for all three de- 
cay channels and arise from the slight dependence 
of A~j on the value of z polarization used in Monte 
Carlo generation. The corrections for radiative ffects 
and ECM dependence have been derived from high- 
statistics Monte Carlo studies of z pair events gener- 
ated without detector simulation. Because calorime- 
ter energy is used in defining xe for the ~ ~ euu 
channel and because both charged track momentum 
and calorimeter energy are used for defining xu in the 
"c ~ #uu channel, the radiative distortions to the un- 
derlying Born-level momenta distributions in the lep- 
tonic channels are greatly reduced compared to those 
expected from measurements based on charged track 
momenta lone [11]. The correction procedure n- 
tailed generating two samples of 4 × 10 s Monte Carlo 
pair events. One sample was generated on the peak 
of the Z ° resonance with initial-state, final-state, and 
internal decay radiation disabled. The other sample 
was generated with full radiation effects enabled at 
seven different ECM values, with the generated num- 
ber of events at each energy weighted according to 
the integrated luminosity accumulated by OPAL at 
that energy in 1990. The correction factors C[ ~d/EcM 
are calculated as the ratio of the normalized iffer- 
ential momentum spectra of the two samples, where 
in the second sample nearby photons were added to 
the charged particle momenta. The estimated errors 
on (P~) due to uncertainties in C, ~ad/EcM are less than 
1% for z ~ euu and z -~ #uu,  and about 2% for 
z --* n (K)u .  The corrections Cbi~ are calculated i- 
rectly from the Monte Carlo r pair sample with full 
detector simulation and are most important at very 
low momenta because ofe+e - --+ (e+e - )X rejection 
and at very high momenta because of e+e - ~ e+e - 
and e+e - ~ #+#-  rejection. The estimated errors 
on (P,) due to uncertainties in C bias are about 1% for 
the three channels. 
Applying eq. (5) to the observed momentum spec- 
tra in fig. 2 leads to the unfolded, corrected spectra 
shown in fig. 5 (data points). The average polariza- 
tion is extracted from each of these spectra by a Z 2 
fit to the expected istributions given by eqs. (2) and 
(3), where bin-to-bin correlations due to the unfold- 
ing procedure are taken into account. As a consistency 
check, the Monte Carlo sample of r pairs with full de- 
tector simulation was subjected to the same unfolding, 
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Fig. 5. Final, unfolded, corrected momentum distributions 
for (a) r -~ evu, (b) r -~ #uu, and (c) ~ -~ n(K)u  can- 
didates. Data are indicated by points with error bars. The 
solid curves show the distributions corresponding to the 
fitted polarizations for each channel. The dashed/dotted 
curves show the distributions corresponding to values of 
polarization at +/ -  2 standard deviations from the fitted 
values. The error bars shown are the square roots of the 
diagonal terms of the error matrices for the unfolded distri- 
butions, but in fitting for polarization, full account is taken 
of the correlations among the unfolded bins, described by 
the off-diagonal terms of the error matrices. 
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correction, and fitting procedures. For the e,/t, and n 
channels the obtained values for (P+) are -0.124-0.05, 
-0.16±0.05,  and -0.18+0.04%, respectively, in good 
agreement with the generation value of -0.15. 
Applying the full procedure to the observed ata, 
we obtain the following values for the average r po- 
larization: 
(G) ( r  ~ ev~) = +0.20± 0.13 ± 0.08, 
z2 /DOF = 6.9/9, 
(P+)(r ~/~ug)  = -0.17 4- 0.16 -4- 0.10, 
zx /DOF = 12.4/9, 
(P+) (r ~ n (K)u)  = -0.08 4- 0.10 4- 0.07, 
z2 /DOF = 14.3/9, 
where the first error is statistical and the second is 
systematic. The statistical error on the polarization 
measured for the r ~ Itu~ decays is larger than that 
for r ~ euu because the muon energy is determined 
mainly by the measured momentum of a charged 
track, for which the resolution at high momentum is 
poorer than that for the shower energy of an electron. 
Systematic errors include contributions from limited 
Monte Carlo statistics(~5%), uncertainties due to 
the unfolding and correction procedure (~4%) and 
uncertainties in efficiency and background estimates 
(~4-8%).  Taking the weighted average of these po- 
larizations yields a combined value for the average 
polarization of 
(P,) = -0.01 + 0.09, 
where a common systematic error of 0.03 due to un- 
certainties in the unfolding procedure has been as- 
sumed in the averaging. For the r couplings to the Z ° 
this implies 
v+la+ = 0.01 + 0.04. 
The same unfolding, correction, and fitting tech- 
niques have been applied separately to candidates in 
the forward and backward hemispheres, yielding the 
distributions shown in fig. 6 and the fit results listed 
in table 6. The values ofA~o ~(obs) listed are for the re- 
gion [cos 01 < 0.68 and do not include corrections for 
the dependence of selection efficiency on cos 0. These 
corrections are negligible for r ~ eut7 and z ~ ~uu,  
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X~uE after  unfolding X~z offer unfolding 
Fig. 6. Unfolded momentum distributions of candidates 
in the forward and backward hemispheres for the (a),(b) 
r ~ euu, (c),(d) z ---+ ~uff, and (e),(f) r --* ~(K)u chan- 
nels. The data points and curves have the same meanings 
as in fig. 5. 
but amount o 11% for r ~ n (K)u, as estimated from 
a parametrization f  efficiency as a function of  cos 0. 
The values Fa of mpoI (corr) shown in the bottom row of 
the table are corrected for geometric acceptance and 
efficiency variations. Combining these values leads to 
FB Apol (corr) = -0.22 :t: 0.10 
or  
l)e/ae = 0.15 4- 0.07. 
The measured average polarization and forward- 
backward polarization asymmetry ield values for 
ve/ae and v+/a+ that are consistent with lepton univer- 
sality. If lepton universality is now imposed by con- 
straining the six statistically independent polarization 
measurements in the forward and backward hemi- 
spheres for the thlee decay channels to obey eqn. ( 1 ), 
one finds the lepton couplings: 
v /a  = 0.05 -4- 0.04 
and in the improved Born approximation of the stan- 
dard model 
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Table 6 
Average r polarizations observed in both the forward and backward hemispheres together and in each hemisphere separately 
for the z ~ euu,  r --* 12uu, and z --~ n(K)u channels in the region ]cos01 < 0.68. Shown also are the observed forward- 
backward polarization asymmetries for each channel, derived from the differences in forward and backward polarizations in
the region ]cos 0] < 0.68 without efficiency corrections. The final row of the table lists the implied polarization asymmetries 
for I cos 0l < 1.0 after correction for efficiency and geometric acceptance. The last column of the table lists the corresponding 
expectations for sin 20w = 0.234, the central value obtained from OPAL measurements of leptonic partial widths and 
forward-backward charge asymmetries [13], in the improved Born approximation, assuming the standard model with 
minimal Higgs structure. 
r ~ euu  r ---+ ,uuu r -~ n(K)u sin20-w=0.234 
(Pr) +0.20 + 0.13 i 0.08 --0.17-t-0.16+0.10 --0.08+-0.10+0.07 --0.13 
(Pr)F +0.06+0.19+-0.08 --0.24+-0.23+0.10 --0.35±0.14+0.07 --0.20 
(P r )B  +0.30+0.19+0.08 --0.12±0.23+0.10 +0.13+-0.14+-0.07 --0.05 
AVB (obs) -0.12+0.15 -0.06 + 0.18 -0.24+-0.11 -0.08 
poI 
AVa, (corr) -0.16+-0.19 -0.08+-0.22 -0.34+-0.16 -0.10 
poI 
sin 20w = 0.237 ± 0.009, 
where there is no ambiguity introduced by the rela- 
tive signs of v and a, as is present in measurements 
based on lepton forward-backward charge asymme- 
tries [ 13 ]. 
These results are consistent with previous measure- 
ments of r polarization at lower values of ECM [22- 
24]. The results are also in good agreement with 
previous measurements by OPAL [13] and other 
LEP and SLC experiments ~2 of electron and tau 
neutral-current couplings from leptonic partial widths 
F(Z ° ~ g+g-)  and forward-backward charge asym- 
metries. 
6. Summary 
We have obtained the following z decay branching 
ratios: B(r  ~ euu)  = 17.4+0.5 (star)+0.4 (sys)%, 
B(z  ~/~u~)  = 16.8+0.5+0.4%, and B(r  -~ n(K)u)  
= 12.1 + 0.7 + 0.5%. The measured lepton branching 
ratios, when combined with the world-average mea- 
sured value for the r lifetime, yield a ratio of the r 
Fermi coupling constant to that of the lighter leptons 
given by G~/Ge,u = 0.92 i 0.04, where it is assumed 
Ge = Gu - Ge,u. These results are consistent with 
previous measurements and increase slightly the sta- 
tistical significance of both the discrepancy between 
*~2 Recent published measurements of F(Z ° ~ g +,~- ) and 
forward-backward charge asymmetries by other LEP 
and SLC experiments can be found in ref. [25]. 
the z lifetime and leptonic branching ratios and the 
discrepancy between the inclusive and the sum of the 
exclusive one-prong branching ratios of the r. 
From an analysis of the momentum spectra of the 
decay products, assuming V-A charged current cou- 
plings of the z, we obtain a combined average z po- 
larization at the peak of the Z ° resonance of -0 .01 + 
0.09, implying v Ja~ = 0.01 ± 0.04. From the spec- 
tra of identified ecays in the forward and backward 
hemispheres, we obtain a value for the efficiency- 
corrected, forward-backward polarization asymme- 
try of -0.22 + 0.10, implying 'Ve/ae = 0.15 i 0.07. 
Imposing lepton universality and combining the for- 
ward and backward hemisphere measurements leads 
tov /a  = 0.05 ± 0.04 or sin 20w = 0.237+0.009,  
where there is no ambiguity introduced by the relative 
signs of v and a. 
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